ABSTRACT: Spatial variation in particulate matterrelated health and toxicological outcomes is partly due to its composition. We studied spatial variability in particle composition and induced cellular responses in Mexico City to complement an ongoing epidemiologic study. We measured elements, endotoxins, and polycyclic aromatic hydrocarbons in two particle size fractions collected in five sites. We compared the in vitro proinflammatory response of J774A.1 and THP-1 cells after exposure to particles, measuring subsequent TNFα and IL-6 secretion. Particle composition varied by site and size. Particle constituents were subjected to principal component analysis, identifying three components: C 1 (Si, Sr, Mg, Ca, Al, Fe, Mn, endotoxin),
INTRODUCTION
Health effects associated with air pollution have been studied in various cities around the world [1] . The epidemiological evidence has pointed to particulate matter (PM) as the pollutant that best represents the mixture of pollutants in air and is most consistently correlated with adverse health effects [2] . Recent studies have found significant heterogeneity of PM-associated health effects across cities or regions [3] [4] [5] [6] . These differences seem to be related not only to PM size or mass but also to the distinct chemical composition of the particle mixture in different locations [4, 5] . More recent epidemiological studies have analyzed health outcomes associated with estimated exposure to PMrelated constituents (e.g., organic and elemental carbon, ions, and metals), in addition to the standard PM mass metrics (particles below 10 or 2.5 μm in aerodynamic diameter, PM 10 and PM 2.5, respectively) [7, 8] . For example, cardiovascular effects have been associated with the particle number concentration whereas respiratory outcomes were linked with PM 2.5 content of sodium and ammonium nitrate, sulfate, chloride, and organic carbon [9] , and diabetes complications with arsenic, organic carbon, and sulfate in PM 2.5 [10] . These findings support the idea that particle composition is a key determinant of the observed location-specific variability in epidemiologic associations.
Experimental studies have examined effects on animals and cells in relation to PM chemical composition. A controlled exposure study performed in mice [11] showed an increase in lung inflammatory cells associated with iron content in coarse PM. In vitro cell studies found a relation between the secretion of inflammatory proteins and the coarse, fine, and quasi-ultrafine PM content of endotoxin, iron, and copper [12, 13] . Consistent with findings from epidemiological studies, toxicological studies also show that, in addition to PM size, site differences in PM composition within a city influence cytokine secretion patterns [14, 15] .
Currently, few studies simultaneously explore toxicological and epidemiological evidence to address the role of spatial variation in PM composition and human health outcomes. We are particularly interested in mechanisms underlying observed associations between air pollution and birth outcomes in epidemiologic studies. Several biological mechanisms have been hypothesized to mediate this association, including inflammation, oxidative stress, coagulation, endothelial function, and hemodynamic responses, and different mechanisms are probably involved at various stages of pregnancy [16] . In this paper, we discuss toxicological experiments designed to shed light on PM-related proinflammatory potential involved that could play a role in observed associations between air pollution and birth outcomes at the population level.
This study assessed spatial variability in PM 10 and PM 2.5 chemical composition and toxic effects, using multiple PM samples collected during 4 months at five different sites of Mexico City. Specifically, we were interested in developing evidence on how air pollution may contribute to inflammation during pregnancy, leading to perinatal complications such as preterm birth, using both toxicological approaches and epidemiological evidence in a study we are conducting in Mexico City and described elsewhere [17] . In the present study, we explore the use of frequent, repeated samples to enhance our ability to study spatial variability in PM composition. We measured toxicological responses in two cell lines, a human (THP-1 cells) and a murine (J774A.1 cells) one, to assess their comparability, since reports using both cell lines exist in the literature [14, 15, 18, 19] . We evaluated the elements present in PM, as well as content of polycyclic aromatic hydrocarbons (PAH) and endotoxin. 10 and PM 2.5 Sampling PM 10 and PM 2.5 were collected simultaneously at five sites in Mexico City using high volume samplers (GMW model 1200 VFC HVPM10; Sierra Andersen, Smyrna, GA or Tisch TE6070V, Roswell, GA), and nitrocellulose membranes. Integrated 24 h samples were collected from May 18 through August 7 of 2009, every Monday, Wednesday, and Friday. The air was pumped at a rate of 1.13 m 3 /min across nitrocellulose membranes with a nominal pore size of 3 μm (11302-131; Sartorius, Goettingen, Germany). The membranes were prepared as described previously [20] .
MATERIALS AND METHODS

PM
The particles were mechanically recovered from the membranes using a surgical blade. To have enough PM for analysis and experimentation, samples from three consecutive weeks were pooled by site and size. Pooled PM samples were stored in glass vials in the dark at 4
• C, according to previously published methods [20] . Over the course of 12 weeks, this yielded four samples per site and size fraction, resulting in 40 samples. Each one of them was used to determine composition and proinflammatory potential.
The five sampling sites were selected according to the main activities occurring in their surroundings, accessibility, and proximity to official monitoring stations of the Mexico City government network [21] . This sitting allowed us to access data on atmospheric levels of criteria pollutants and meteorological data in the immediate vicinity of our samplers. We collected PM 10 and PM 2.5 in the industrial sector of the city, located in the north (Industrial-North, I-N), a business area located in the center of the city (Business-Center, B-C), and three residential zones in the south (Residential-South, R-S), east (Residential-East, R-E), and west (ResidentialWest, R-W) of Mexico City. Traffic is the main source of pollution in these residential areas. The region in the east is the most populated and has the poorest urban infrastructure, whereas the one in the west represent the least polluted of the three [22] .
Determination of Elements by Mass Spectrometry with Inductively Coupled Plasma
One milligram of PM was resuspended in 3 mL of American Society for Testing and Materials type 1 deionized water (18.2 M /cm Quantum TM ICP cartridge and filter of 0.1 μm, Millipore R), and the suspension was passed through a GNWP nylon filter (0.2 μm; Millipore). Filtered samples were analyzed for Li, Na, Mg, Al, Si, S, K, Ca, Sc, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Rb, Sr, Y, Mo, Ag, Sb, Ba, Ce, and Pb using inductively coupled plasma mass spectrometry (ICP-MS) (Agilent 7500a). Analysis conditions were 3 scans, 32 channels, 100 passes, incident power of 1.39 kW, RF matching 1.76 V, nebulizer gas (1.0 L/min flow), spray chamber (temperature of 2
• C), and a discriminator (9.5 mV).
Filtered samples in solution were introduced by pneumatic nebulization into radiofrequency plasma where energy transfer processes cause desolvation, atomization, and ionization. The ions are extracted from the plasma through a differentially pumped vacuum interface and separated on the basis of their mass-tocharge (m/z) ratio by a mass spectrometer. An electron multiplier or Faraday detector detects ions transmitted through the mass analyzer, and a data handling system processes the resulting current. Interference equations were used for corrections in all samples. The method for validating the parameters includes linearity (R 2 < 0.99), reproducibility, and repeatability (coefficient of variation <2%). The limit of detection was between 1.6 ppb (Li) to 15.7 ppb (Hg). The limit of quantification varies for each compound [23] .
Determination of Polycyclic Aromatic Hydrocarbons by High Performance Liquid Chromatography
One milligram of each PM sample was extracted with 30 mL of dichloromethane in a microwave oven (CEM, model MarsX) with a power of 1200 W, pressure of 100 psi, and a temperature of 115
• C. Subsequently, the extracts were concentrated to 1 mL with an ultra pure nitrogen stream using a nitro evaporator (8158, NEVAP 111; Organomation Associates, Inc). The solvent was changed to acetonitrile, and the extracts were filtered to 0.2 μm acrodisc (Pall Gelman Laboratory) and concentrated to 0.5 mL samples under an ultra pure nitrogen stream. The extracts were analyzed for naphtalene, acenaphthylene, acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene, pyrene, benzo(a)anthracene, chrysene, benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(a)pyrene, dibenzo(a,h)anthracene, benzo(g,h,i) perylene, and indene with a liquid chromatograph (Agilent HP, 1100 series) equipped with a Nucleosil column (Macherey-Nagel, 265 mm; 100-5 C18 PAH), with automatic sample injector and a fluorescent detector. 4,4 -Difluorobiphenyl was added to all samples as an internal standard, and results were calculated after subtracting baseline readings [24] .
Determination of Endotoxins by Using the Limulus Amebocyte Lysate Colorimetric Method
PM was resuspended in 50 mM Tris buffer (1 mg/mL), sonicated for 1 h at 22
• C, with intervals of agitation in vortex for 1 min every 15 min. We used three 1:5 serial dilutions with the same buffer, using glassware baked at 250
• C/4 h and disposable micropipette tips free of endotoxins. The quantitative method of limulus amebocyte lysate Kinetic-QCL was performed as specified by the supplier. The samples were analyzed in duplicate in sterile 96-well microplates, free of endotoxins. The endotoxin concentration was determined using the Kinetic-QCL reader connected to a computer containing a software Kinetic-QCL and a reference curve with a standard endotoxin from Escherichia coli O55:B5 with an output of 7 endotoxin units (EU) per nanogram (ng). This equipment keeps the samples at 37
• C, and the absorbance of the microplate at 405 nm was monitored every 150 s.
Cell Culture
We used J774A.1 cells (monocytes/macrophages from mice) and THP-1 cells (human monocytic cell line), obtained from the American Type Culture Collection (ATCC). Cells were cultured in 10% fetal bovine serum-DMEM (Dulbecco's modified Eagle's media) or RPMI (Cat. A10491; Sigma), respectively. Both media contained penicillin (50 U/mL)/streptomycin (50 μg/mL). Cultures were kept at 37
• C in a 5% CO 2 /95% air atmosphere.
Proinflammatory Cytokines, Acute (TNFα), and Chronic (IL-6) Phase
Tumor necrosis factor α (TNFα) and interleukin-6 (IL-6) were measured in the supernatants of confluent cultures of J774A.1 and THP-1 cells (550,000/mL) maintained in serum-free medium for 24 h. They were then exposed to 80 μg/mL of the PM 10 or PM 2.5 samples obtained from different sites for an additional 24 h. One mg/mL PM aliquots were prepared just before exposing the cells, vortexed, sonicated in a water bath sonicator for 5 min, and resuspended three times before adding the final concentration to the cell culture to attain a homogeneous suspension. Subsequently, the enzyme-linked immunosorbent assay (ELISA) method measured the presence of cytokines in the supernatants. Each one of the 3-week pooled samples was tested in three independent experiments. ELISA results from each experiment are the average of the results obtained from two wells. We used commercial kits, R&D Systems (Minneapolis, MN) for mouse samples and Invitrogen (Carlsbad, CA) for human cytokines. Nonexposed cells were used as negative controls, and cells exposed to lipopolysaccharide (LPS) (10 μg/mL) were used as positive controls. The results are expressed in pg/mL. The concentration of 80 μg/mL was chosen based on previous work from our lab where we found an increased inflammatory response without loss of cell viability at this level of exposure [14, 15] .
Statistical Analysis
As described above, PM 10 and PM 2.5 samples were collected over the course of 12 weeks at each of the selected five sites. Samples from 3 weeks were pooled to have enough PM for chemical analyses and experimentation, resulting in four samples per site and PM size (n = 40). PM composition was determined by site and PM size, and summary statistics were computed for each PM constituent (27 elements, 16 PAHs, and endotoxin). Owing to the skewed distribution of the constituents, Kruskal-Wallis one-way analysis of variance (ANOVA) was used to test for differences in their distribution across sites within each PM size, and the Mann-Whitney rank sum test was used to compare across PM fractions.
Principal component analysis (PCA) was used to reduce dimensionality of PM constituents. We included data from both PM sizes considering that (1) we only had a sample equal to 20 for each PM size and (2) composition (not constituents' concentrations) is basically the same for both PM fractions. Prior to PCA, all constituents were natural log transformed given their highly skewed distributions. Principal components with eigenvalue >1 were extracted, and component scores were computed by summing standardized concentrations for constituents with factor loadings greater than 0.6 [25] . Statistical differences of component scores across sites within PM size were tested by the Kruskal-Wallis one-way ANOVA test. Pairwise differences between any two sites were tested with the Mann-Whitney rank sum test.
Measurements of the in vitro proinflammatory toxicological responses (IL-6 and TNFα for each cell line) were compared across sites using Kruskal-Wallis nonparametric ANOVA and across PM size using MannWhitney rank sum tests. Pairwise differences between any two sites were tested with the Mann-Whitney rank sum test. Partial Spearman correlations (adjusted for PM size) between principal component scores and toxicological responses were used to assess their relationships with toxicological responses and to assess the similarity in toxicological responses across cell types exposed to PM collected at the same location and time.
RESULTS
Chemical Composition of PM 10 and PM 2.5
Twenty-seven elements were determined in the PM samples collected in the five sampling sites. Table 1 presents the average values and standard deviations of elements in each area; constituents for which at least one zone was found to be different from the others (p < 0.05, KW ANOVA) are denoted with an asterisk (*). The percentage of PM mass explained by all these elements varied by site; between 9% and 18% for PM 10 and 1.8-6% for PM 2.5 . Both PM fractions had a high content of Ca, S, Na, K, Si, Mg, Cu, Al, and Fe. PM 10 from R-S had higher concentrations of S, K, Cu, and Zn, whereas PM 2.5 from the same region had higher levels of Ca, Si, and Al. The analysis of PAH (Table 2) demonstrated that acenaphthylene and phenanthrene were the most commonly represented PAHs in both PM fractions, and higher concentrations were found for PM 10 (p < 0.05). Other PAHs were present in PM samples in very small concentrations. Total average PAH concentrations were 49.77 ng/mg for PM 10 and 34.37 ng/mg for PM 2.5 (p > 0.05).
Endotoxin was present in all samples studied. Concentrations were significantly higher in PM 10 than in PM 2.5 (p < 0.05). PM 10 did not show significant differences by site (p > 0.05), but PM 2.5 did (p < 0.05) ( Table 3) . Interestingly, both PM fractions from R-S had similar levels of endotoxin (p > 0.05)
Principal Components Analysis
The first three principal components extracted by the PCA explained 69.9% of the total variance. The components included the following constituents: first component (C 1 ): Si, Sr, Mg, Ca, Al, Fe, Mn, Ba, and endotoxin; second component (C 2 ): pyrene, fluoranthene, chrysene, benzo(a)anthracene, benzo(b)fluoranthene, and benzo(k)fluoranthene, Li, Cr, and As; and the third component (C 3 ): Zn, S, Sb, Ni, Cu, Pb, and K (Table 4) . Significant spatial differences were found for some of the components (Figure 1 ). For PM 10 , C 2 and C 3 varied significantly by site (p < 0.05). The largest C 2 value was observed in I-N, and the lowest in the R-E site. In the case of C 3 , R-S had the highest value and R-W the lowest. C 1 and C 2 present in PM 2.5 exhibited differences across locations (p < 0.05): C 1 was notably higher in R-S, and C 2 had a high contribution in the industrial sector (I-N).
Levels of TNFα and IL-6 Induced by PM 10 and PM 2.5
In general, cytokines produced after stimulation of J774A.1 and THP-1 cells with 80 μg/mL of PM 10 and PM 2.5 , showed a significantly higher response to PM 10 than PM 2.5 (p < 0.05) (Figures 2 and 3) . Most sites had significant differences by size, and some significant differences were observed across sites. PM 2.5 from the R-S site was the only PM 2.5 that induced larger TNFα secretion than PM 10 in J774A.1 cells (p < 0.05). IL-6 responses were smaller and more homogeneous than those for TNFα. Although secretion levels in THP-1 cells were lower than in the J774A.1 cells, a similar response pattern was observed with both cell lines (r = 0.66, p < 0.01 for TNFα and r = 0.40, p < 0.01 for IL-6).
Cell exposure to 10 μg/mL LPS resulted in secreted levels of TNFα equal to 13,953 ± 2,648 pg/mL by J774A.1 cells and 891 ± 85 pg/mL by THP-1 cells. In the case of IL-6, J774A.1 cells produced 2,100 ± 328 pg/mL whereas THP-1 cells produced 529 ± 53 pg/mL.
Results from the correlation analyses between cytokine production and principal components show that TNFα and IL-6 only had positive correlations with C 1 in both cell lines. The Spearman correlation (ρ) values for TNFα were ρ = 0.53 in J774A.1 (p < 0.01), and FIGURE 1. Distribution of factor scores in the three principal components found in each site, C 1 (A), C 2 (B), and C 3 (C). The graph displays median, maximum, and minimum values for each component according to site and size. For PM 10 , statistically significant differences were found among sites for C 2 and C 3 . For PM 2.5 , differences were found for C 1 and C 2 (p < 0.05, n = 4 per size and site, the Kruskal-Wallis test). Statistically significant differences between sites were more frequently observed for I-N and R-S. R-W = Residential West; I-N = Industrial North; B-C = Business-Center; R-S = Residential South; R-E = Residential East. n = 4 per site and fraction. 
DISCUSSION
We used PM samples from five Mexico City sites with different predominant air pollution sources to study regional variability in composition and toxicity. Some regions of the city were similar in PM composition and proinflammatory effects, and other regions exhibited clear differences. Regional differences were better understood after conducting PCA and identifying that the proinflammatory effects were strongly related to C 1 .
The main compositional differences in PM were between the residential area (R-S) and the industrial area (I-N). PM from R-S had the largest mass explained by the elements studied, whereas PM from I-N was the richest in PAHs.
Exposure of J774A.1 and THP-1 cells to PM 10 and PM 2.5 caused secretion of inflammatory cytokines, varying by sampling site and PM size. PM 10 produced more marked responses than PM 2.5 . In general, TNFα secretion was higher than IL-6 production. Secretion levels from the exposed J774A.1 cells were consistent with previous results from our laboratory [14, 15] . Furthermore, we demonstrated that J774A.1 and THP-1 cells react similarly to PM exposure.
We had sufficient samples to conduct an exploratory PCA, which identified three major component classes for PM constituents. The distribution of the three components varied according to location and PM size. C 1 was importantly present in all PM 10 samples, and mainly present in PM 2.5 samples from R-S. C 2 was defined by the presence of various PAHs, showing higher levels in both PM fractions from I-N. The C 3 content was higher in PM 10 from I-N and R-S and homogeneous in PM 2.5 across the city. As indicated by the positive Spearman correlations, higher concentrations of C 1 were related to increased production of TNFα and IL-6. For instance, the R-S had the largest average values for C 1 and also induced the highest TNFα levels in both cell lines and the highest IL-6 levels in THP-1 cells. This component included elements and endotoxins linked to soil [26] [27] [28] . Previous studies from our group support that PM-induced proinflammatory responses result from complex interactions among PM constituents, where endotoxin adds to but does not explain all observed effects [14, 29] . These results showing that PM composition associates with cytokine production are consistent with previous reports focusing on the role of PM sources, identifying effects related to groups of chemicals, rather than implicating an individual PM constituent as responsible for observed cellular responses [11] [12] [13] [14] [15] 28] .
Regarding site-related variability in PM composition, spatial differences in PM composition across the city have been also described previously, including a recent rapid change in the southern part of the city, suggesting homogenization of traffic-related sources [23, 24, 30] .
The PAH content of PM was not related to inflammatory potential. Toxicological effects related to PAH (e.g., direct DNA damage) [31, 32] need to be evaluated in future studies. The relative participation of each one of the three components identified here by PCA requires further study including a larger set of cell outcomes.
We plan to evaluate whether compositional and inflammatory differences presented here are similar to inflammatory responses among pregnant women living in different zones of Mexico City.
In conclusion, the spatial differences found indicate that the presence of constituents of PM related to soil sources determine its differential proinflammatory effects.
